The aim of the study was to determine how the presence of graphene in a lubricant (SN-500) affects the behaviour of a tribosystem. The tribological tests were conducted in lubricated, boundary lubricated, and dry sliding friction conditions using a tribometer with the pin and disc made of 100Cr6 steel. The pin and disc wear was monitored using the acoustic emission method. SpectraPLUS was employed to analyse the sampled signals written in the 16-bit linear pulse-code modulation format. Sound level measurements required applying an A-weighting filter and then 1/1 and 1/3 octave filters. The microstructural observations of the pin and disc that followed the tribological tests were performed using a scanning electron microscope. The surface texture of both specimens was measured with an optical profiler. Identification of the elements before and after tribological tests was performed using a scanning electron microscope equipped with an EDS X-ray microanalyser. The experimental data show that the most effective performance of the analysed tribosystem was observed in the presence of the graphene-enhanced lubricant.
INTRODUCTION
The operation of the tribological system boils down to providing energy in the amount necessary to overcome the resistance caused by the phenomenon of friction. ______________ 1 It is transformed into other forms of energy, i.e. thermal, electrical and mechanical, then accumulate and dissipate ( Figure 1 ). The tribochemical reactions occurring under its influence have an important role in the transformation of the technological surface layer into an exploitation layer with new functional properties. Graphene is a two-dimensional material consisting of carbon atoms that have been hybridized. It has very good optical, thermal, mechanical, and electrical properties. Therefore, it has been used in many areas of technology: electronics, power engineering, automation, medicine, and others. Graphene is an auxiliary substance as a component in organic photovoltaic cells and energy-accumulating materials [1] . It can potentially be used to reduce friction and wear between structural elements [2] [3] [4] [5] [6] .
An important use of multilayer graphene is in systems operating in boundary friction conditions. Therefore, the influence of graphene addition in lubricating oils on the friction of steel elements was analyzed [7] [8] [9] .
This article compares the results of experimental research carried out during technically dry friction, boundary friction with the use of base oil SN-500 and SN-500 with the addition of graphene and the simultaneous identification of acoustic emission (AE), which was also used to identify the friction conditions.
TEST MATERIALS
The material for the tests were discs made of 100Cr6 steel with a diameter of 42 mm and a height of 6 mm. The chemical composition of the tested discs is presented in Table I . The material used as a counter-sample in the friction junction were 100Cr6 steel balls with a diameter of 6 mm, loaded with a normal force of 10 N. The most important mechanical properties of 100Cr6 steel are shown in Table II . Tribological tests were carried out on a tribometer Anton Paar TRB 3 ball-on-disc type in sliding motion. A photograph of the friction junction is shown in Figure 2a .
The tribological tests were carried out with the technical and environmental parameters presented in Table III . Resistance to motion was determined during Technically Dry Friction (TDF). The lubricant was SN-500 base oil under boundary friction conditions (BF) and SN-500 oil with an addition of graphene in the amount of 0.23 wt. %, designated as boundary friction with graphene (BFG). The chemical composition of the oil used is shown in Table IV . The sound was recorded with the OLYMPUS PCM RECORDER LS-P1 linear PCM recorder. Then, using SpectraPlus, the RMS (Root Mean Square) level was determined for 1-second sections of the signal corrected by A-weighting characteristics [17] , expressed in full scale decibels (dBFS).
The A-weighting characteristic is used for measurements of industrial noise with low sound level. The next step was to determine the RMS signal levels for 10second intervals of time, according to the following formula for equivalent sound level [13] :
where , means the signal RMS level (corrected by A-weighting characteristic) in i-th second and N=10 is the number of 1-second intervals in 10 seconds.
RESEARCH METHODOLOGY
The aim of the tests was to compare the influence of graphene in lubricating oils on the performance of tribological systems and to determine the surface morphology of the tested samples together with the evaluation of the connection between acoustic emission and the friction junction.
The next stage of the study was the assessment of surface damage after tribological tests. Figure 3 shows isometric images and primary profiles of surfaces before (Figure 3a Three-dimensional images of the surface of the tested elements made it possible to analyse their shaping after tribological tests. Knowledge of the characteristics of surface topography is important for the assessment of its functional properties. By comparing the obtained isometric images and surface primary profiles ( Figure  3 ), it was observed that the smallest wear track was formed after friction with lubrication with the base oil with graphene BFG (Figure 3d ). Its maximum depth was 1.04 µm and its width was approximately 0.17 mm. After friction with BF base oil lubrication, the abrasion trace depth was 1.40 µm and the width was approx. 0.2 mm. The deepest (9.85 µm) and the widest (0.39 mm) abrasion traces were obtained after technically dry friction.
Using the Phenom XL scanning electron microscope with an EDS microanalyser, the elements forming the discs made of 100Cr6 steel were observed and identified. The microstructure of the surface of the disc made of 100Cr6 steel (Figure 4 ) after BFG showed an iron content of 96.96% and a silicon content 0.81% by mass. The remaining 2.23% was carbon. After friction with base oil lubrication ( Figure 5 ), the following elements were observed at the wear track: iron-97.07%, chromium-1.52%, silicon-0.67%, and the rest was carbon 0.74%.
On the other hand, after friction with lubrication with base oil with graphene ( Figure 6 ), the following elements were observed: iron-93.92%, chromium-1.22%, silicon-0.44%, and the rest was carbon 4.33%.
On the sample after lubrication with SN-500 base oil with graphene, the highest carbon content accumulated at the lowest point of the wear track. This can be caused by carbon deposits from the lubricant. Figure 7 shows the level of acoustic emission, linear wear, and the friction coefficient after technically dry friction (TDF), with lubrication with base oil SN-500 (BF) and lubrication with oil SN-500 with graphene (BFG). In the course of analysing the obtained characteristics (Figure 7) , it was found that the phenomenon of sample running-in occurs at about 150 m of the wear truck. After a period of mutual running-in, the coefficient of friction stabilises as a result of oxidation and exposure to ambient humidity, which can be observed on Figure 7a by reading the acoustic emission level. At the end of the TDF test, at the friction length of 750 m, the destabilisation of frictional processes, characterised by a highfrequency cyclic emission, takes place. Figure 8 shows graphs of average linear wear, the average coefficient of friction, the friction field, and the average sound level. These values were determined after the running-in of the abrasive elements (from approx. 200 m). Average linear wear and the average coefficient of friction were determined by averaging the obtained measurement data from the tribometer. The average sound level was obtained using the Formula [13] , while the friction field was determined from the formula for the volume of wear during the rotary motion test, 2rAπ, where r is-the friction radius (Table III) , and A is the surface area of the abrasion mark ( Figure 3 ). When comparing the graphs presented in Figure 8 , a correlation was observed that the lowest values of average linear wear, the average coefficient of friction, the friction field, and the average sound level were obtained after friction with lubrication with SN-500 oil with added graphene. The highest values of average linear wear, the average coefficient of friction, the friction field, and the average sound level were obtained after technically dry friction. In turn, the friction field, average sound level and linear wear for SN-500 base oil were about 50% higher than for SN-500 with graphene addition, and the coefficient of friction was as much as 2.5 times lower.
CONCLUSIONS
As a result of the conducted studies, it was found that the acoustic emission AE is closely related to the performance of the tribological system. On the basis of the recorded characteristics of AE, it was found that it is possible to monitor the course of phenomena and processes accompanying friction in situ.
The use of a lubricant with graphene significantly reduces the friction coefficient, the wear of rubbing elements and the intensity of changes in the acoustic emission of AE.
The results of the observed and studied surface shape (surface topography) indicate that the friction field on the friction junction elements after additive graphene into the lubricating oil is almost 50% of the friction field when using the base oil alone.
Application of lubricating oil with graphene ensures stable working conditions of the tested tribological system. Therefore, the influence of graphene as a modifying additive in lubricating oils on friction and wear of metal elements of tribological systems was investigated.
